We couple noise into the driving current of a laser diode to produce correlated light. We characterize the intensity correlations of the laser with two different techniques: two detector photon coincidence and analysis of the photocurrent from a single detector. The light exhibits bunching with a magnitude and characteristic time set by the bandwidth and amplitude of the noise modulating the laser driving current. A simple model based on amplitude modulation of the laser intensity agrees with the measured correlation functions. The bunched light can be used to probe systems that are sensitive to intensity correlations.
by analyzing the current fluctuations out of a photodetector, or by directly measuring two photon coincidences. As a measure of fluctuation properties of light, the intensity correlation function can distinguish between a classical stochastic field and a quantum field.
Since the early measurements of lasers and Gaussian sources by Arecchi et al. [1] , the intensity correlation function has been used to characterize the behavior of lasers under various operating conditions. Spurred by measurements of intensity correlations of a dye laser [2] , extensive experimental [3] [4] [5] and theoretical [6] [7] [8] [9] studies revealed the importance of multiplicative pump noise in addition to spontaneous emission in this system. Other work applied controlled multiplicative noise to a He:Ne laser to study its effects on the intensity correlations of the light [10] . The photon statistics and intensity correlations of a free running diode laser have also been measured [11] . In addition, an extensive body of work exists on the inherent noise of diode lasers (for a review see [12] ).
A well characterized source can probe atomic systems for a dependence on the intensity correlation function of the light. Mollow [13] established the dependence of a two-photon transition rate on the specific intensity correlation of the excitation source. The response of nonlinear processes to light with different noise spectral densities has been extensively studied by Smith and collaborators at JILA [14] [15] [16] [17] . Ryan et al. [18] have measured the noise characteristics of a diode laser using a nonlinear two photon process. Theoretical [19, 20] and experimental [21] studies have shown that the rate for a two-photon transition driven by highly correlated photons from an optical parametric oscillator changes from quadratic to linear in the intensity for low intensities. In the quantum regime, Carmichael [22] and Gardiner [23] have analyzed cascaded quantum optical systems in which correlation effects in the intensity of the light are significant, requiring a non-Markovian treatment. We have started an experimental program in cascaded cavity quantum electrodynamic (QED) systems [24] to pursue studies of these non-Markovian effects.
We produce correlated light from a diode laser by adding colored pump noise. We characterize the light with measurements of the second order intensity correlation function.
The emitted light exhibits bunching. We can precisely control the noise amplitude and bandwidth to adjust the degree of bunching and correlation time of the light. We use a simple model to explain the features of the correlation in terms of the bandwidth and amplitude of the noise. We neglect any contribution of the intrinsic quantum noise since the external modulation is large. With the laser operated below threshold, the bunching grows very large. Experimentally, we employ two different techniques to measure the intensity correlation of the light: photon coincidences measured with two detectors, and analysis of an intensity time series from the photocurrent of a single detector. This highly correlated light could be used to probe systems sensitive to non-Markovian effects.
The paper is organized as follows. In section II, we briefly review the intensity correlation function and develop models to compare to our measurements. Section III describes the apparatus and experimental procedures. We present our results in section IV, and our conclusions in section V.
II. THEORY

A. Intensity Correlation Function
The normalized correlation function of a classical stochastic process, applied to the intensity of the electromagnetic field I(t) is:
where the brackets denote a time average.
This provides a measure of the enhancement or suppression of intensity fluctuations relative to an ideal laser field for which g (2) (τ ) = 1. The correlation function measures the probability distribution that given an intensity fluctuation at time t there will be another one at time t + τ . The correlation function can be directly calculated from a time series of the light intensity using Eq. 1.
The value of the correlation function at τ = 0 is a measurement of the statistics of the light. This is made evident by rewriting g (2) (0) in terms of the variance of the intensity,
For a classical source, g (2) (0) ≥ 1 because (∆I) 2 ≥ 0. Two other conditions on the correlation function for a classical field follow from the Schwarz inequality [25] :
. The correlation function of a classical laser is flat, since (∆I) 2 = 0 and g (2) (0) = 1. Classical bunching is exhibited when intensity fluctuations are
There are non-classical sources that violate the Schwarz inequality producing antibunching and sub-Poissonian statistics [26] .
The quantum theory of coherence allows treatment of the intensity correlation function in terms of photons. With I →Î (normal and time ordered), g (2) (τ ) is the conditional probability of detecting a photon at time t + τ given that one was detected at time t.
When g (2) (0) = 1, the light follows Poissonian statistics, while for g 
B. Linear Model
To model the effect of modulating the laser current, we assume that the intensity of the diode laser light is proportional to the injected current. This assumption is appropriate when the laser is operating significantly above threshold or below threshold. Near threshold, this is valid locally if fluctuations in the current are small. The intensity and the current are linearly related:
where the proportionality constant α is the above or below threshold responsivity (mW/mA) divided by the area of the laser beam.
The laser current i(t) is composed of a constant current i 0 that biases the diode to a particular operating point within the region above or below threshold, and noise i noise (t) that we add from an external source. We are neglecting other noise contributions in the current source and the laser diode, such as spontaneous emission, since the external modulation is much larger.
The noise term averages to zero.
We focus our attention on the specific case when the current noise maps directly into the intensity correlation function. This is equivalent to saying that the laser has high quantum efficiency and current fluctuations do not change its frequency. Making use of Eqs. 3 -5, we can write Eq. 1 in terms of the currents:
This expression converts the correlation function of the intensity into the correlation function of the applied noise current. The noise is an independent random process, characterized by a spectral density F (ω) over a finite bandwidth. We use the Wiener-Khintchine theorem, which states that the correlation function G(τ ) is the Fourier transform of the spectral density [26] . We then obtain an expression for the intensity correlation in terms of the noise current spectral density.
We model the noise spectral density as shown in pass cut-offs. We take the Fourier transform of the spectral density to obtain an analytic form of the second order correlation function.
. For the case of noise sent through a low pass filter a = b = 0, Eq. 8 reduces to:
The correlation function at τ = 0 is a measurement of the variance of the light intensity.
For low pass filtered noise, Eq. 9 gives:
Where B = (c + d)/2 is the bandwidth of the source, set by the low pass filter cutoff frequency. Eq. 10 serves as a measure of the degree of bunching of the light intensity from the diode laser.
In the limit of an infinitely sharp low pass filter, with a = b = 0 and c = d, Eq. 9 reduces to a more familiar looking form:
This simple and appealing model is valid as long as the current fluctuation remain in a linear region of the laser intensity response. Our model reproduces the result obtained analytically for a dye laser with a Fokker-Planck equation by Noriega et al. [9] when the correlation time of the noise is longer the deterministic correlation time of the system. This is true despite the fact that the ratio of cavity to inversion decay times are very different in dye and diode lasers.
C. Nonlinear Model
We take into account the nonlinear threshold response by considering a more realistic laser model. We use single mode coupled rate equations for the photon number n and excited carrier population N [27] :
where C is the coupling between the excited population and the mode, γ c is the cavity decay rate, and γ rad is the radiative decay rate of the excited population. The pumping rate is
given by R and we include a pumping noise term σ(t). The coupling coefficient is C = βγ rad , where β is the inverse of the cavity enhancement factor for the lasing mode.
The general approach is to map the driving current with time dependent fluctuations into a time series of photon numbers, n(t). We then calculate the normalized correlation function g (2) (τ ). For our calculations, we use typical diode laser parameters, γ c = 10 12 s −1 , γ rad = 10 9 s −1 , and β = 10 −4 . We numerically integrate the differential equations Eqs. 12 -13, incrementing the noise term σ(t) at times much shorter than the inverse of the highest noise frequency component. For σ(t), we use digitized time series of the noise sent to the laser. The highest frequency component (10 MHz) of the noise is much lower than any of the decay rates in Eqs. 12 -13 so the laser intensity achieves steady state and follows the driving current over the time scale of fluctuations. This allows us to simplify numerical calculations by considering the steady state photon number.
The steady state solution of Eqs. 12 -13 for the photon number in the absence of noise is:
with the threshold pumping rate given by R th = γ c /β.
We use the steady state result Eq. 14 to calculate the intensity correlation by taking the slowly varying noisy pumping rate R → R + σ(t) to obtain n ss (t). We take the calculated photon number time series and set it equal to a classical intensity time series. From this series we obtain the intensity correlation function using Eq. 1. The results agree quantitatively with the full numerical integration. They also reproduce the features of the simple model.
III. APPARATUS
We measure the correlation function using both intensity time series and photon coincidence techniques. While the first approach permits high intensities the second requires small photon fluxes. For photon counting measurements, one detector serves as the start for the timing of photon arrivals at a second detector. The distribution of conditional detections at this detector is proportional to the intensity correlation function. We use this detection system for other measurements investigating nonclassical features of a cavity QED system [28] . The advent of high speed digital oscilloscopes allows photocurrents to be sampled and stored with sufficient time resolution to perform correlation measurements. The recorded time series is then used to calculate the correlation function directly. We use a single detector to measure the intensity of the laser light as a function of time. This serves as a check of our photon counting technique. To avoid the effects of detector dead time, we keep the light intensity low such that the hits/start is much less than one. The hit/start is the number of photon counts in the stop detector during a count interval. Coupled with the ability to register up to sixteen stop events for every start, we are able to measure a close realization of g (2) (τ ) [29] . We do not need to make a pile up correction because the rates are small enough that the event of 16
consecutive stops in a count interval is highly unlikely. The input laser light is substantially attenuated to prevent damage to the APDs and to ensure that the number of hits per start is much less than unity. Typical counting rates for the detectors are 100 KHz with a background count rate of less than 1 KHz. Interference filters and polarizers in front of each detector suppress photons emitted by the APDs during the avalanche process [30] , which could lead to false counts.
We adjust the photon counters to maximize the count rates at the two detectors before taking data. A typical count interval is 2 µs. Data collection may take up to 10 minutes to achieve 100 counts per 0.5 ns bin in the long τ region. The histogram gives directly the correlation function once we normalize it by the long term average (between τ = 1.75 and 2 µs). For no modulation, the correlation function is flat, as expected for a coherent source.
The number of hits per start for the histograms also agrees with an independently measured count rate of the number of stops.
For the single detector technique, we use a photomultiplier tube Hamamatsu R636 (PMT)
to measure the light intensity. After determining that the PMT is not saturating, the photocurrent from the PMT is sent to the digital oscilloscope which we use to store the current time series, i(t), for later analysis. We calculate g (2) (τ ) from the time series using Eq. 1, assuming I(t) = i(t). The comparison of the correlation measured by photon counting and from a photocurrent time series is an important check of our photon counting technique.
Another benefit is that the operating state of the laser can be monitored in real time by observing the intensity measured by the PMT. Mode hopping can be seen as steps in the laser intensity. The laser can then be made single mode by adjusting the operating current slightly.
IV. RESULTS
We study several different regimes to characterize the laser response to noise. We are interested in observing a dependence on the bandwidth of the noise. Secondly, we want to confirm our linear theory dependence on the driving noise current. Finally, we want to find a regime that maximizes the bunching. The coupling cuts out the low frequency components or the noise. The integrated noise power coupled into the laser diode increases going from the top to bottom of Fig. 4 . Table I details the measured parameters for each particular filter case. These are determined from measurements of the noise spectrum sent to the laser diode. For low noise power the laser remains below threshold. When the bandwidth is small, the correlation function is broad and shows very little enhancement around τ = 0. For larger bandwidths the presence of bunching is clear and the has a sinc like character oscillating about g (2) = 1. Fig. 5 shows plots of the linear model Eq. 8 using the measured parameters in Table I . The plots show qualitative agreement for all the cases. The model plots for the two low pass filters reproduce quantitatively the oscillations and amplitude of the correlation measurements. As the total noise power increases the measured behavior differs from the linear model.
The amplitudes of the higher bandwidth correlation functions are smaller than the model predictions. This is due to the nonlinearity of the laser intensity near threshold. As seen in Table I above. The large bunching is reproduced using the experimental parameters of the measurement. The calculated peak is narrower than the measured peak. It is possible to adjust the parameters to obtain closer agreement of the model and the measured peak, but this leads to a difference between the model and measured shape of the laser power curve.
We have studied the sensitivity of the steady state intensity model to variations in the input parameters i thr and β at the operating current i 0 . We estimate i thr from measurements of the laser intensity response with an uncertainty of 2%. β is estimated to be of the order of 10 −4 , which produces laser response curves which are similar to the measured response.
The inset of Fig. 9 (b) shows how the bunching peak changes as we vary these parameters.
The dashed curves show how an increase (decrease) in i thr by 2% leads to a substantial decrease (increase) in the peak height. Varying β downwards (upwards) by 10% results in an increase (decrease) in the peak size given by the dotted lines. Above threshold at i 0 = 64 mA, the model is much less sensitive to changes in i thr and β. Increasing or decreasing i thr by 2% leads to a corresponding 7% increase or decrease of the peak height. Changing β by 50% leads to only a 1% decrease in g (2) (0).
The sensitivity of the parameters to variation is easily understood by considering how the laser responds in different regions of its operating curve. Far below threshold, the modulated laser emits low intensity light (fluorescence) linearly with the current. As we near threshold, the current occasionally fluctuates across the threshold, leading to bursts of light as the laser turns on. If we move closer to threshold, more fluctuations across threshold occur. This enhances the bunching until the growth of intensity fluctuation is balanced by the growing mean intensity. After this point, the bunching continuously decreases as the operating point is increased.
The β parameter determines the slope and shape of the laser threshold. If this is made smaller, the slope of the laser response increases. Below threshold, we expect a higher intensity for current fluctuations across threshold if the slope is steeper. Above threshold, the laser is operating with a large intensity proportional to the driving current. The slope does not effect the bunching since all fluctuations scale with the same linear response. The size of the bunching above threshold is insensitive to variations in β. Since we hold the threshold constant, changing β effectively changes the decay rate of the laser cavity.
V. CONCLUSIONS
We have a well characterized source of correlated light from a noise modulated diode laser.
We have measured the intensity correlations using two experimental approaches: analysis of Such a modulated diode laser, with well characterized intensity correlations, could be a very attractive source for experiments in cavity QED to explore the non-Markovian regime. Table I for parameters). 
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